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[57] ABSTRACT

A method for producing a carbon electrode which
Includes directly depositing a carbon material on an
electroconductive electrode substrate by chemical
vapor deposition using hydrocarbons and/or their de-
rivatives as a starting material, and subjecting the sub-
Strate coated with the carbon material to an electro-
chemical treatment so that the carbon material is doped
with a charge carrier material capable of being re-
versely intercalated therein and deintercalated there-
from. Thereafter, the electrochemically treated sub-
strate 1S compressed, and a thin plate-shaped carbon
electrode with a high density results.

11 Claims, 2 Drawing Sheets
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METHOD FOR THE PRODUCTION OF A
CARBON ELECTRODE

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a method for producing of a
carbon electrode that 1s useful for thin-type batteries
which are suitable as power supplies for various thin
and minaturized equipment. More particularly, it relates
to a method for producing a thin-type carbon electrode
having a high density and a high capacity.

2. Description of the Related Art

For conventional batteries used in electronic equip-
ment, a battery structure 1s widely used wherein an
electroconductive material, such a graphite, and a bind-
ing agent are admixed with an electrode active material.
The mxture is coated on a current-collector such as a
metal net so as to form a thin-type electrode. This elec-
trode 1s disposed opposite to a counter electrode in a
battery can and a separator is interposed between these
electrodes. The battery contents are impregnated with

an electrolytic solution, and sealing up of the battery
can follows.

However, the electrode manufactured by the above-
mentioned method is disadvantageous in that the elec-
tric contact of the electrode active material with the
electroconductive material or the current-collector is
poor, and an increase in the internal resistance of the
battery fabricated with the electrode results. Moreover,
the electroconductive material and the binding agent
are required 1n addition to the electrode active material,
so that the electrode active material is limited in its
amount, which causes a decrease in the battery capac-
ity.

In order to solve the problems of the conventional
electrodes mentioned above, a method for producing a
carbon electrode 1n which a three-dimensionally struc-
ture, substance such as a porous substance or the like, is
used as an electrode substrate. A carbon material (i.e.,
an electrode active material) is directly deposited on the
surface of the substrate by chemical vapor deposition,
and the substrate coated with the carbon material is
compressed to a predetermined thickness. Thereby, a
thin-type carbon electrode with a high density results
(Japanese Laid-Open Patent Publication No. 63-
245858). |

In U.S. Pat. No. 4,931,240 a method for producing a
carbon electrode 1s disclosed which is similar to the
above-mentioned method. The production exception is
carbon material directly deposited on the electrode
substrate 1s filled with a charge carrier material before
compressing the electrode substrate.

For the purpose of further improving the electrode
activity, the conventional electrode for batteries is often
subjected to an electrochemical treatment in advance of
fabricating the battery. Whereby the electrode active
material contained in the electrode is electrochemically
doped with a charge carrier material in a given electro-
lytic solution. In particular, when a carbon material
(e.g., graphite) 1s used as the electrode active material,
the electro-chemical treatment is performed. Thereby,
the carbon material is doped with a charge carrier mate-
rial capable of being reversibly intercalated therein and
deintercalated therefrom.

However, when the thin-type electrode, which has
been obtained by compressing the three-dimensionally
structured substance coated with the carbon material, is
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electrochemically treated in an electrolytic solution, a
significant change in the dimensions of the electrode
will occur, which arises from a change in the volume of
the electrode active material or from the relaxation of
compressive stresses during the formation of the elec-
trode. Thus, in some cases, there are many disadvan-
tages 1n the fabrication of batteries that the electrode
used may be cracked easily or get out of shape. More-
over, even after fabricating the battery with such an
electrode, the mechanical strength of the electrode used
1s insufficient to keep its shape. Thereby, it 1s difficult to
obtain a battery with satisfactory durability.

SUMMARY OF THE INVENTION

The inventors of the present application have discov-
ered that a thin-type carbon electrode, which is ob-
tained by subjecting a three-dimensionally structured
substance coated with a carbon material to an electro-
chemical treatment and then compressing the electro-
chemically treated substance, has a high stability in
shape and serves an an electrode for batteries with a
large battery capacity. Based on this fact, the inventors
have succeeded in producing a carbon electrode having
excellent electrode characteristics.

A method for producing a carbon electrode in the
present application which overcomes the above-dis-
cussed and numerous other disadvantages and deficien-

cies of the conventional art, comprises directly deposit-
ing a carbon material on an electroconductive electrode
substrate by chemical vapor deposition using hydrocar-
bons and/or their derivatives as a starting material,
subjecting the substrate coated with the carbon material
to an electrochemical treatment so that the carbon ma-
terial 1s doped with a charge carrier material capable of
being reversely intercalated therein and deintercalated
therefrom. Thereafter the electrochemically treated
substrate is compressed and a thin plate-shaped carbon
electrode with a high density results.

In a preferred embodiment, the electrode substrate is
a three-dimensionally structured substance.

In another preferred embodiment, the three-dimen-
sionally structured substance is a metal sponge, woven
cloth of metal fibers, a nonwoven cloth of metal fibers,
or a metal net.

In another preferred embodiment, the charge carrier
material 1s an electron-donating substance such as alkali
metals, alkalt earth metals, rare earth metals, or the like.

In a preferred embodiment, the charge carrier mate-
rial 1s an electron-accepting substance such as halogens,
halogen compounds, metal oxides, oxo acids, hydrides,
or the like.

Thus, the embodiments of the present invention de-
scribed herein mrakes possible the objectives of (1) pro-
viding a method for producing a carbon electrode in
which the carbon material is directly deposited on an
electrode substrate as an active material and then sub-
Jjected to an electrochemical treatment before com-
pressing the electrode substrate, thereby a thin-type
electrode with a high density of discharging capacity
and high stability in shape is produced which allows a
higher production yield; (2) providing a method for
producing a carbon electrode in which the carbon mate-
rial i1s directly deposited as an active material on an
electrode substrate as a current-collector, so that the
active material is electrically and mechanically con-
nected to the current-collector without the use of bind-
ing agents or electroconductive materials, thereby an
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electrode for batteries results with a large battery ca-
pacity; (3) providing a method for producing of a car-
bon electrode in which the electrode substrate coated
with the carbon material is compressed after being sub-
jected to an electrochemical treatment, thereby a thin-
type electrode with a high accuracy in dimensions and
a high strength is produced. (4) providing a method for
producing carbon electrode in which the carbon mate-
rial is directly deposited as an active material on an
electrode substrate and compressed, so that the density
of discharging capacity of the electrode can be in-
creased but cannot deteriorate by a repeated charge-dis-
charge cycle over a long period of time. Thereby an
electrode for batteries with excellent charge-discharge
cycle characteristics and a high energy density results;
and (5) providing a method for producing a carbon
electrode in which the electrode substrate coated with
the carbon material is compressed after being subjected
to an electrochemical treatment, so that accuracy in the
dimensions and shape of the electrode can be Increased,
thereby the occurrence of a short circuit and other
disadvantages in the fabrication of batteries are re-
duced, which allows a great improvement in the DIO-
duction yield.

BRIEF DESCRIPTION OF THE DRAWINGS

This invention may be better understood and its nu-
merous objects and advantages will become apparent to
those skilled in the art by reference to the accompany-
iIng drawings as follows:

FIG. 1 1s a schematic diagram showing illustrating an
apparatus for the deposition of a carbon material that is
used in the method for the production of a carbon elec-
trode in an embodiment of the present invention:

FIG. 2 is a schematic diagram illustrating an electro-
lytic cell that is not only used for the electrochemical
treatment of the carbon electrode in an embodiment of
the present invention, but is also used to determine the
discharging capacity and electric potential of the elec-
trode; and

FIG. 3 is a perspective view lustrating a rolling
process by which a three-dimensionally structured sub-
stance coated with the carbon material is compressed in
an embodiment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The carbon electrode for an embodiment of the pres-
ent invention can be obtained by directly depositing a
carbon material (i.e., an electrode active material) on an
electrode substrate, subjecting the substrate coated with
the carbon material to an electrochemical treatment,
and thereafter compressing the electrochemically
treated substrate.

The carbon material can be deposited on an appropri-
ate substrate by chemical vapor deposition at low tem-
peratures using hydrocarbon starting compounds. Ex-
amples of the hydrocarbon compounds which can be
used are aliphatic hydrocarbons, aromatic hydrocar-
bons, alicyclic hydrocarbons, and the like. These hydro-
carbons can contain various heteroatoms such as nitro-
gen, oxygen, etc., and/or can have substituents, exam-
ples of which are halogen, hydroxyl groups, sulfo
groups, nitro groups, Nitroso groups, amino groups, azo
groups, carboxy groups, etc. Specific examples thereof
are benzene, naphthalene, anthracene, hexamethylben-
zene, 1, 2- dibromobenzene, 2-butyne, acetylene, biphe-
nyl, diphenylacetylene, etc. Aromatic hydrocarbons
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such as benzene, etc., are preferably used. Although the
concentration and temperature of hydrocarbon com-
pounds in the atmosphere to be thermally decomposed
depend upon the kind of starting hydrocarbon com-
pounds, they are usually set to be several millimolar
percent and about 1000° C., respectively. A typical
method for vaporizing hydrocarbon compounds is a
bubbling method in which argon gas is used as a carrier

gas. The hydrocarbon compounds can also be vapor-
1zed by the bubbling method in which other kinds of

gases are used as a carrier gas, or by evaporation, subli-
mation, etc. The vaporized hydrocarbon compounds

are supplied to a chemical vapor deposition chamber
and thermally decomposed therein.

The electrode substrate on which a carbon material is
deposited by chemical vapor deposition is a three-
dimensionally structured substance, which can be any
form such as a foam (i.e., sponge), wool, woven-cloth.
nonwoven-cloth, net, etc., but must have flexibility so as
to change its shape when compressed externally, and
have electroconductivity. Specific examples thereof are
a metal sponge, a woven or a nonwoven cloth of metal
fibers, a metal net, and the like. As a three-dimension-
ally structured substance, a substance can also be used
that has a surface coated with an electroconductive
material.

The electrode substrate coated with a carbon material
s then electrochemically treated in an electrolytic solu-
tion so that a charge carrier material contained in the
electrolytic solution is intercalated in the carbon mate-
rial. A typical method for the electrochemical treatment
involves immersing the coated substrate as a working
electrode and a counter electrode in an electolytic cell
containing the electrolytic solution, which allows a
current to flow therebetween. For example, when the
finished carbon electrode of the present embodiment is
used as a negative electrode for batteries with a nona-
queous electrolytic solution, lithium electrodes are em-
ployed for a counter electrode and a reference elec-
trode, .and a current is allowed to flow in the cathodic
direction using the three-electorde method. As a way of
allowing a current to flow, a constant-current tech-
nique, a constant-potential technique, and the like may
be used. As the electrolytic solution is used, a solution
of aprotic organic solvent such as propylene carbonate,
ethylene carbonate, tetrahydrofuran, 2-methyltetrahy-
drofuran, y-butyrolactone, dimethylsulfoxide, 1,2-dime-
thoxyethane, 1,3-dioxolane, etc., containing an electro-
lyte, which provides a light metal cation as a charge
carrier material such a lithium perchlorate, lithium
borofluoride, lithium hexafluoroarsenate, lithium hexa-
fluorophosphate, lithium trifluoromethanesulfonate,
etc. As the charge carrier material capable of being
reversely intercalated in and deintercalated from the
carbon material, an electron-donating substance such as
alkaline metals, alkali earth metal, rare earth metals,
elC., or an electron-accepting substance such a halo-
gens, halogen compounds, metal oxides, oxo acids, hy-
drides, etc., can be used.

The electrode substrate treated electro-chemically is
then formed by the application of an external pressure
thereto and a thin-type carbon electrode with high
density and high a capacity results. Preferably, the elec-
trode substrate is compressed by means of rollers, but it
can also be compressed by a press-forming machine or
other pressing devices and methods. The degree of
compression can be controlled within the limits of a
thickness to which the three-dimensionally structured
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substance can be compressed, so that it is possible to
obtain a carbon electrode with a desired thickness
within these limits.

The resulting thin-type carbon electrode is consti-
tuted of an electrode substrate with a high density,
which 1s obtained by compressing the electro-conduc-
tive and flexible three-dimensionally structured sub-

stance, and a compressed carbon material with a high

density, which is directly deposited on the three-dimen-
sionally structured substance being electro-chemically
doped with a charge carrier material before being com-

pressed. The carbon electrode is cut in a desired size
and each piece is used as an electrode for batteries, and

particularly thin-type batteries. This carbon electrode
can be used as a positive electrode and/or a negative
electrode depending upon the kind of charge carrier
material.

EXAMPLE

‘The direct deposition of the carbon material (i.e., an
electrode active material) on the electrode substrate is
performed, by using a reaction apparatus illustrted in
FIG. 1, as follows: To a vessel 1, which contains ben-
zene that has been dehydrated and refined by vacuum
distillation, argon gas is supplied from an argon gas
supplier 2 so as to bubble the benzene. Then, the vapor-

ized benzene is supplied to a quartz reaction tube 4
through a Pyrex glass tube 3. At this time, the vessel 1

Is heated to compensate for energy loss due to evapora-
tion of benzene, so that the liquid benzene in the vessel
1 can be maintained at a fixed temperature, and the flow
rate of the argon gas is controlled by needle valves 5
and 6, so that the amount of benzene to be supplied into
the reaction tube 4 can be controlled at a fixed level. In
the reaction tube 4, a sample holder 7 is provided on
which a three-dimensionally structured substance (the

length, width and thickness thereof being 28 mm, 18
mm and 1.5 mm, respectively) that is made of foamed
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nickel i1s placed. A furnance 8 surrounds the outside of 40

the reaction tube 4. This furnace 8 keeps the holder 7
and the three-dimensionally structured substance on the
holer at about 1000° C. The reaction tube 4 is at one end
a Pyrex glass branch tube providing a gas inlet 9A. At
the other end of the reaction tube 4, there is disposed a
Pyrex giass branch tube providing a gas outlet 9B.
When benzene is supplied into the reaction tube 4
through the gas inlet 9A, the benzene is thermally-
decomposed within the reaction tube 4. The thermally-

decomposed benzene is deposited as a carbon material
on the whole area of the three-dimensionally structured

substance for about 60 minutes. The gas remaining in
the reaction tube 4 after the thermal decomposition is
removed through the gas outlet 9B by using an exhaust
system 10.

The three-dimensionally structured substrate on
which the carbon material is directly deposited as de-
scribed above was then subjected to an electro-chemical
treatment, using an electrolytic cell 16 illustrated in
FIG. 2, as follows: In the electrolytic cell 16, the sub-
strate coated with the carbon material is fixed as a
working electrode 11 by a current-collecting rod 12 and
lithium electrodes are used as a counter electrode 13
and a reference electrode 14. An electrolytic solution 15
1s a solution of propylene carbonate containing 1-M
lithium perchlorate as an electrolyte. The working elec-
trode 11 1s electrically connected to the counter elec-
trode 13 by an external electric circuit and then left
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overnight to yield the electric potential of 30 millivolts
vs. the lithium electrode. |

In this way, the carbon material that had been di-
rectly deposited on the electrode substrate is doped
with lithium ions as a charge carrier material, and an
electrochemically treated substrate resuslts. As illus-
trated 1n FIG. 3, the electrochemically treated substrate

17 was then compressed by rollers 18 and cut into pieces

of a predetermined size ( the length, width and thickness
thereof being 25 mm, 15 mm and 0.2 mm, respectively),
and for a carbon electrode for an embodiment of the

present invention.
The carbon electrode obtained in the above-men-

tioned manner was examined for discharging capacity
and charge-discharge cycle characteristics as follows:
The carbon electrode is immersed in the electrolytic
cell 16 that contains a solution of propylene carbonate
containing 1-M lithium perchlorate as an electrolyte
and discharges up to 2.5 volts vs. the lithium reference
electrode, and the density of the discharging capacity of
290 mA.h per gram of the carbon material is obtained.
This result indicates that the carbon electrode of the
present embodiment efficiently absorbs charge carrier
lithium 10ns, although it is compressed after the electro-
chemical treatment. Moreover, for the purpose of deter-
mining the charge-discharge cycle characteristics,

when the carbon electrode is repeatedly charged down
to a potential of zero volts vs. the lithium reference

electrode and then discharged up to 2.5 volts, the dis-
charging capacity shows almost no decrease after more

than 200 charge-discharge cycles.

It 1s understood that various other modifications will
be apparent to and can be readily made by those skilled
in the art without departing from the scope and spirit of
this invention. Accordingly, it is not intended that the
scope of the claims appended hereto be limited to the
description as set forth herein, but rather that the claims
be construed as encompassing all the features of patent-
able novelty that reside in the present invention, includ-
ing all features that would be treated as equivalents
thereof by those skilled in the art to which this inven-
tion pertains.

What is claimed is:

1. A method for producing a carbon electrode com-
prising the steps of:

directly depositing a carbon material on an electro-

conductive electrode substrate by chemical vapor
deposition using a starting material selected from
the group consisting of hydrocarbons, hydrocar-
bon derivatives and mixtures thereof:

subjecting said substrate having said carbon material

directly deposited thereon to an electrochemical
treatment so that said carbon material is doped
with a charge carrier material capable of being
reversely intercalated therein and deintercalated
therefrom;

compressing said substrate after said electrochemical

treatment 1s subjected thereto; and

producing a thin plate-shaped carbon electrode hav-

ing a high density.

2. A method for producing a carbon electrode ac-
cording to claim 1, wherein said electode substrate
comprises a three-dimensionally structured substance.

3. A method for producing a carbon electrode ac-
cording to claim 2, wherein said three-dimensionally
structured substance is a substance selected from the
group consisting of a metal sponge, a woven cloth of
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metal fibers, a nonwoven cloth of metal fibers, and a
metal net. |

4. A method for producing a carbon electrode ac-
cording to claim 1, wherein said charge carrier material
comprises an electron-donating substance selected from
the group consisting of alkali metals, alkali earth metals
and rare earth metals.

5. A method for producing a carbon electrode ac-
cording to claim 1, wherein said charge carrier material
comprises an electron-accepting substance selected
from the group consisting of halogens, halogen com-
pounds, metal oxides, oxo acids and hydrides.

6. A method for producing a carbon electrode ac-
cording to claim 1, wherein said electrode substrate is a
substance selected from the group consisting of foam,
sponge, wool, woven cloth, non-woven cloth and net.

7. A method for producing a carbon electrode ac-
cording to claim 1, wherein said starting material is
selected from the group consisting of alipathic hydro-
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carbons, aromatic hydrocarbons and alicyclic hydro-
carbons.

8. A method for producing a carbon electrode ac-
cording to claim 1, wherein said starting material com-
prises hydrocarbons having a substituent selected from
the group consisting of nitrogen, oxygen, halogen, hy-
droxyl group, sulfo group, nitro group, nitroso group,
amino group, azo group and carboxy group.

9. A method for producing a carbon electrode ac-
cording to claim 1, wherein said chemical vapor deposi-
tion is conducted by using argon as a carrier gas.

10. A method for producing a carbon electrode ac-
cording to claim 1, wherein said step of compressing
comprises rollers for compressing said substrate.

11. A method for producing a carbon electrode ac-
cording to claim 1, wherein said step of compressing
comprises a press-forming device for compressing said

substrate.
- XK *x *¥ *
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